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INTRODUCTION
A new family of non-oxide, chalcogen-based aerogels, called chalcogels, has been reported in the literature (Mohanan et al., 2005; Kalebaila et al., 2006; Bag et al., 2007; Kanatzidis and Bag, 2008; Bag et al., 2009; Bag and Kanatzidis, 2010; Oh et al., 2011; Yuhas et al., 2011b; Yuhas et al., 2011a; ShafaeiFallah et al., 2011; Riley et al., 2011; Polychronopoulou et al., 2012) . These chalcogels, because of their potential high affinity for halide gases and their high porosity, were thought to be ideal candidates for removal of 129 I from the process gases at a nuclear fuel reprocessing plant. Initially, platinum (Pt) was used in making these chalcogels and, as such, would be inappropriate for use as a sorbent in an operating plant because of the cost of Pt. Therefore, we began to investigate not only the sorption properties of these chalcogels, but the replacement of Pt in the structure with other, more practical metals.
Some of the first chalcogels reported in the literature were made from an aggregation of simple binary nanocrystals such as CdS, ZnS, PbS, etc., however, this fabrication route (aggregation of nanocrystals or AN method) was limited to the available chemistries of nanocrystals or nanoparticles (Mohanan et al., 2005) (Table 1 ). After work on these chalcogels was published, a more compositionally flexible chalcogel synthesis route was discovered by the Kanatzidis Group at Northwestern University. In these chalcogels, a porous network was formed by a chemical linkage between chalcogenido clusters (e.g., Sn 2 S 6 4-) and metal ions (e.g., Sn 2+ ) that promoted interlinking of the structural units (chemical linkage or CL method, Table 1 ), where the main structural units were composed of Ge-(S,Se) and the interlinking metal was Pt 2+ (Figure 1 ) (Bag et al., 2007; Kanatzidis and Bag, 2008) . After that work and some subsequent work, it was determined that it is very difficult to make Ge-based chalcogels by this processing route without Pt 2+ as the interlinking metal, e.g., Ge-(Sb,Pt)-Se (Bag and Kanatzidis, 2010 The primary goal of this report is to define the various options available for making chalcogels for 129 I capture and immobilization that do not contain Pt. A summary of the wide compositional flexibility of chalcogel chemistries based on non-Pt interlinking metals is provided in Table 1 . All of the work discussed hereafter is based on this second fabrication technique (CL method). 2+ .
An overview of the precursor ions and key results from the available literature for chalcogels made with the CL fabrication method are presented in Appendix A. From Appendix A, it is apparent that the different compositions require different aging times and have different surface areas.
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OVERVIEW OF CHALCOGEL FABRICATION METHODS
The typical fabrication route for making chalcogels with the CL method involves dissolving the individual precursors in separate solutions in a particular solvent, combining the solutions, and allowing gelation to occur, in which the clusters and interlinking metal(s) form an interconnected, porous network. For each chemical system, the precursors, the solvent, the precursor concentrations in the solvent, the gelation time, and the resultant chalcogel properties differ. The most commonly used solvents for dissolving the precursors are water, formamide, and N,N-dimethylformamide. Most of the chalcogenide clusters are not commercially available, and thus require fabrication in the laboratory, typically through wet chemical or hydrothermal (in an autoclave) synthesis routes. A list of the common chalcogenido cluster ions used as chalcogel precursors is provided in Table 2 along with references for the fabrication methods. The comprehensive list of non-Pt metal interlinking ions reported in the literature is found in Table 1 . These precursors can potentially be used to make chalcogels.
At Pacific Northwest National Laboratory (PNNL), we have made Pt-Ge-S (PtGe 2 S 5 ), Mo-Co-Ni-S (Mo 2 CoNiS 8 ), and Sn-S (Sn 2 S 3 ) chalcogels and the summary collages of methods are presented in Figure  2 (Ryan et al., 2009; Strachan et al., 2010; Strachan et al., 2011; Riley et al., 2011) . We evaluated two casting techniques in which we cast the mixed precursors in either polymer vials or petri dishes. Based on the volume reduction and drastic color changes, the gels cast in a petri dish seemed to dehydrate and oxidize, respectively. Therefore, we cast them exclusively in polymer vials to avoid the deleterious dehydration and oxidation (Ryan et al., 2009; Strachan et al., 2010) . After allowing the solutions to undergo gelation (2-4 wks), the gels were removed from the vials, cut into 3-6 mm granules, rinsed with water and ethanol, solvent exchanged completely to ethanol, and then solvent exchanged in liquid CO 2 within an autoclave. The CO 2 was taken supercritical by heating (supercritical drying) and vented as gas to preserve the pore structure of the gels. Examination of the supercritically dried chalcogels in a scanning electron microscope (SEM) revealed highly porous microstructures that were confirmed to have high specific surface areas as measured with nitrogen adsorption/desorption isotherms ( Figure 3) . We have also investigated making xerogels in which the gel was not supercritically dried, but the solvent was allowed to evaporate, collapsing the pore structure. 
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OVERVIEW OF CHALCOGEL ADSORPTION POTENTIAL
The different chalcogel chemistries made at Northwestern University and PNNL have very different properties, including specific surface areas, gas adsorption potentials, and selective gas adsorption properties. The first selective adsorption potential in chalcogels was presented by the Northwestern University group in 2007 with heavy-metal selectivity, i.e., Hg 2+ preferentially over Zn
2+
, followed by additional work in 2011 with Zn-Sn-S chalcogels in which ionic adsorption of Pb 2+ , Cd 2+ , Cu 2+ , Cu 2+ , and Fe 2+ was measured (Bag et al., 2007; Oh et al., 2011) .
Since then, the Northwestern University group has worked on selective gaseous adsorption potential with these chalcogel materials for gaseous separations (Bag et al., 2009; Bag and Kanatzidis, 2010; ShafaeiFallah et al., 2011; Polychronopoulou et al., 2012) . In this work, the highly efficient separation of gaseous species with these chalcogels was attributed to the polarizability differences between the different molecules of interest, e.g., C 2 H 6 , CO 2 , CH 4 , and H 2 , where more polarizable molecules (C 2 H 6 and CO 2 ) show a stronger attraction to the highly polarizable sulfidic surfaces through dispersion forces than the less polarizable molecules (CH 4 and H 2 ). For the current work, it is worth noting that I 2 gas is also very polarizable.
At PNNL, we started by making Pt-Ge-S chalcogels, the easiest of the known chalcogel materials to fabricate at the time (Ryan et al., 2009) . Once made, the maximum I 2 adsorption potential was evaluated by placing different Pt-Ge-S chalcogels in a vacuum desiccator with iodine crystals, then measuring the mass uptake regularly and subtracting the mass uptake on a blank vial to correct for iodine adsorbed on the vial walls (Strachan et al., 2010) . This experiment was performed to assess the maximum iodine uptake. After 20 days, the iodine crystals were removed and the iodine desorption from the chalcogels was measured. Even after sitting in a desiccator for >20 days to remove physisorbed and easily removed I 2 , the chalcogel mass remained constant, indicating a high iodine affinity of ≥ 60% uptake, by mass.
We then tested the chalcogel affinity for iodine at low concentrations (~4 ppm, by volume) in air to simulate a dynamic environment more aligned to that of the real off-gas processing facility. In these experiments, 1-5 mL of chalcogel sorbent was packed into a 10 mL pipette and air containing 4.2 ppm I 2 (g) was passed through the sorbent column and into a 0.1 M NaOH scrubbing solution. The scrubber solutions were analyzed for dissolved I 2 with ICP-MS. See Figure 4 for a schematic of the experimental apparatus. Figure 4 . Schematic diagram of the experimental setup for iodine uptake test in breathing air containing I 2 (g) at 4.2 ppm (left) and a photograph of a Pt-Ge-S chalcogel in the tip of the pipette used as the column prior to an experiment (right) .
The results from this study showed that chalcogels readily adsorbed iodine at low concentrations from flowing air ( Figure 5 ). Only the Sn-S chalcogel had a capture efficiency greater than that required to meet the Environmental Protection Agency (EPA) guideline of ≥99.4% (or a decontamination factor, DF, ≥167) for the duration of the experiment (40 CFR 190, 2012) . We also tested ~ 1 mL of a Sn-S xerogel in this apparatus that had a specific surface area of 0.14 m 2 /g, >4 orders of magnitude lower than the
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compositionally equivalent aerogel (456 m 2 /g). We did not expect to observe a noticeable adsorption of iodine with the xerogels unless there was a chemical affinity. Even though the capture efficiency of the xerogel was significantly reduced from that of the aerogel, our results showed indirect evidence that these materials have a high affinity for I 2 . For the Mo-Co-Ni-S chalcogel, iodine breakthrough occurred between 4 and 24 hours, evidenced by a near-zero capture efficiency, i.e., all of the iodine released by the permeation tube was observed by the scrubbing solution. Figure 5 . Gaseous iodine adsorption potential of various chalcogel chemistries.
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IMMOBILIZATION POTENTIAL
Following iodine removal from air, the iodine in the chalcogels needs to be immobilized. One of the reasons for the use of chalcogels is that some can be made into a chalcogenide glass, depending on the chemistry. Chalcogenide glasses have a very high solubility for I 2 and have the potential for high chemical durability (Heo and Mackenzie, 1989; Wang et al., 2001; Krasteva et al., 1997b; Krasteva et al., 1997a; Hemingway, 1991, 1993; Heo et al., 1987; Lin and Ho; Maneglier-Lacordaire et al., 1975; Turyanitsa et al., 1974) . From a glass formation standpoint, the most promising chalcogel chemistries are Sn-S or Sn-Se formulations that include Ge or Sb. Since Zn-Sn-S chalcogels tend to change from an amorphous aerogel to a crystalline material when heated (Oh et al., 2011) , we suspect this to be the case for the Sn-S chalcogels. Therefore, this system probably requires a glass-forming additive in order to obtain a glassy product after heating, e.g., Ge (Ruffolo and Boolchand, 1985) (Figure 6 ). Glass formation has been demonstrated in the Sb-Sn-S system with iodine (Turyanitsa et al., 1974) . Thus, our focus is on these two systems-Sn-S with a Ge additive and Sb-Sn-S. Several techniques will be evaluated for consolidating both the as-made and iodine-sorbed chalcogels. These include melting, hot pressing, and spark plasma sintering. Figure 6 . Glass formation tendency in Sn-Ge-S chalcogenide glasses (Ruffolo and Boolchand, 1985) .
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CONCLUSIONS
Chalcogels are composed of metal-chalcogen moieties that are interconnected with a linking metal ion. These materials have very high porosity and strong affinity for halide gases, especially the polarizable I 2 . Therefore, chalcogels have the potential to be a viable material for the removal of iodine from the process off-gases at a nuclear fuel reprocessing plant. Early investigations of these materials found that the more facile metal ion to study was Pt, an unlikely metal to use in a material ultimately destined for disposal as waste. Hence, we began studying the chemistry of chalcogels with the goal of replacing the Pt with lessexpensive interlinking metal ions. A wide range of possible chemistries are reported in the literature for making non-Pt chalcogels. The three primary systems are 1) Sn-S, 2) Sn-Sb-S, and 3) Mo-S, with a variety of available interlinking metals. Some of these materials are easier to fabricate than others based on the following factors: 1) Some of the chalcogel precursors are commercially available (e.g., K 2 PtCl 4 ) and some have to be fabricated in the laboratory (e.g., Na 4 Sn 2 S 6 -14H 2 O). 2) Some of the chalcogel precursors and salts that are used to make the precursors are more expensive than others, i.e., the Pt-based salts are very expensive compared to Na 2 S-9H 2 O that is used to make the Na-Sn-S precursor salts (Na 4 Sn 2 S 6 -14H 2 O and Na 4 SnS 4 -14H 2 O). 3) Some of the chalcogel precursors are easier than others to fabrication in the laboratory, e.g., (TMA) 4 Ge 4 S 10 can be made in 2 days whereas others take several days and can yield mixed/unpure salts (Na 4 Sn 2 S 6 -14H 2 O and Na 4 SnS 4 -14H 2 O). 4) Some chalcogels require more time than others to undergo gelation to create a semi-rigid gel e.g., 2-4 days for (Sn,Ge)-Pt-(S,Se) chalcogels and 4+ weeks for Sn-S chalcogels.
These chalcogels have a wide range of specific surface areas, adsorption potentials, and susceptibilities to oxidation. The most promising chemistries from a glass-formation standpoint are the Ge-Sn-S and SbSn-S systems, both of which are to be studied in more detail in the future. 
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